Introduction
Atherosclerosis is a main pathological basis of cardiovascular and cerebrovascular disease, such as coronary heart disease, ischemic cerebrovascular disease and thromboembolic disease (1) . Atherosclerosis is a large and middle artery disease, a major cause of heart disease and stroke, and a chronic inflammatory disease induced by large amounts of lipid and cholesterol accumulated in the large and medium-sized arteries, and accompanied by fibrous plaque formation (2) . Epidemiological studies (3, 4) have demonstrated that certain environmental and genetic factors are associated with the occurrence and development of atherosclerosis. The main genetic factors include high density lipoprotein reduction, increased low density lipoprotein and very low density lipoprotein, elevated blood pressure and elevated blood sugar (5) . In addition, there are certain major environmental factors, including a high-fat diet, smoking, lack of exercise, antioxidant levels and infectious disease (2) .
Vascular endothelial cells not only constitute a semi-selective permeability barrier between blood and tissue fluid, but also synthesize and secrete a variety of bioactive substances. Their structural integrity and barrier function have a central role in maintaining cardiovascular homeostasis (6) . It has been widely recognized that damaged blood vessel endothelium leads to endothelial dysfunction, further expression and release of various bioactive substances and adhesion molecules (2) . These changes ultimately lead to the formation of atherosclerosis, which is a chronic inflammatory process (1) . Vascular endothelial dysfunction is an early manifestation of atherosclerosis (7, 8) , promoting lipid deposits, monocytes under the endothelium and the formation of foam cells.
The maintenance of the normal barrier function of vascular endothelium is associated with the dynamic balance between tight junctions (TJs), adherence junctions and cytoskeleton contraction (6) . Cell contraction is a common way to increase barrier permeability. Cell contraction is mainly affected by actin and myosin, and endothelial permeability is increased when actin and myosin produce a greater contraction force (6) . Myosin II includes a heavy chain and a light chain, and myosin light chain (MLC) is divided into the basic light chain and regulatory light chain. It is the regulatory light chain that serves a regulatory role in myosin activity (9) . MLC kinase (MLCK), dependent on Ca 2+ /calmodulin (CaM) binding protein kinase, is a member of the immunoglobulin superfamily and is activated by the regulatory light chain in MLC. When activated by certain factors, MLCK could induce phosphorylation of MLC and vascular endothelial cell cytoskeleton rearrangement (10) . This induces the following effects: Concentric contraction of endothelial cells, the destruction of TJs between cells and vascular barrier dysfunction (11) . Finally, the endothelial permeability increases, a large number of lipid components infiltrate and deposit under the endothelium which then affects vascular endothelial barrier function (12) .
Glycyrrhiza uralensis Fisch is mainly from the West, including leguminous plants Glycyrrhiza uralensis, Ural Glycyrrhiza uralensis, Glycyrrhiza glabra and dry root and rhizome (13) . Glabridin is extracted from Guangguo licorice, insoluble in water and has antioxidant, anti-inflammatory (14) and anti-atherosclerosis (15) properties, which provide rationale for its use as a treatment of cardiovascular disease.
In the present study, the association between the effect of Glabridin on atherosclerosis, and the mitogen-activated protein kinase (MAPK) signaling pathway and myosin light chain phosphatase-dependent MLC phosphorylation was investigated. The experiment was conducted by establishing an animal model of atherosclerosis, and analyzing blood lipid changes, and observing changes in vascular morphology, MLCK expression, and intimal permeability.
Materials and methods
Reagents. Glabridin was purchased from DC Chemicals (Shanghai, China). Cholesterol was obtained from China Pharmaceutical (Group) Shanghai Chemical Reagent Company (Shanghai, China). Normal rabbit feed was obtained from Experimental Animal Center of Anhui Medical University (Hefei, China). The Triglyceride assay kit (cat. no. 10018) and the Total Cholesterol assay kit (cat. no. 10028) were purchased from Zhejiang Dongou Biochemical Co., Ltd. (Zhejiang, China).
Animals and groups.
A total of 18 3-month-old, male New Zealand white rabbits (2.4±0.5 kg) were purchased from Shandong Qingdao Kang group (Qingdao, China). Rabbits were housed at room temperature with a humidity of 50-60% and were subjected to a 12 h light/dark cycle, with free access to food and water. The rabbits were randomly divided into 3 groups and fed as follows: Control group (n=6), basic diet for 12 weeks; HF group (n=6), high fat diet for 12 weeks; and Glabridin treatment group (n=6), high fat diet with 2 mg/kg/day Glabridin via oral catheter from weeks 6-12. The Glabridin dose was selected on the basis of a preliminary experiment according to a previous study (16) . High fat diet consisted of 1% cholesterol and 5% lard prepared in rabbit food. The cholesterol concentration was determined in accordance with previous literature (17) .
For the determination of total cholesterol (TCH) and triglyceride (TG), the rabbits were fasted for 1 day. The rabbits were then anesthetized with 3% sodium pentobarbital (30 mg/kg; Sigma-Aldrich; Merck KgaA, Darmstadt, Germany), and GES6 color ultrasonic diagnostic apparatus was used to observe the abdominal aorta. Blood samples were taken from the abdominal aorta and following standing for 2 h at 37˚C, the blood was centrifuged for 10 min at room temperature at 1,006 x g. The supernatant was removed and stored at -80˚C.
A previous study was referenced to understand the structure of rabbit aortas (18) . Following sacrifice, rabbit aortas were removed and divided into three parts. Each part had the same number of rabbit aortas from the control, treatment and high fat group. For part one, one abdominal aorta was randomly selected from each of the three groups. These aortas were fixed in 10% formalin at room temperature for 8 h, and embedded in paraffin for the immunohistochemical and morphological analysis. Another part was embedded in optimum cutting temperature compound (OCT), immediately at -80˚C prior to freezing, preparing for permeability analysis and oil red O staining. The third part of abdominal aortas was frozen immediately at -80˚C for western blot analysis. All experiments were approved by the Ethics Committee of Anhui Medical University.
Detection of serum lipids. The enzyme coupling colorimetric method was utilized to detect the TCH and TG in model rabbits. All protocols were performed in strict accordance with the assay kits and ELISA instructions.
Endothelial function assay. The endothelial function assay was performed as described previously (17) . Rabbits were anesthetized using 3% sodium pentobarbital (30 mg/kg), and the abdomens were shaved. The abdominal aorta was observed using a GES6 color ultrasonic diagnostic apparatus and 13-Mhz ultrasound probe. The probe was placed 0.5-1.0 cm below the renal artery to obtain a longitudinal axis view of the abdominal aorta. The basal diastolic diameter (D 0 ) of the abdominal aorta was measured initially, followed by the maximum diameter of the end diastolic (D X ) of the abdominal aorta after the left hind limb was compressed for 5 min. During the process, the probe position was maintained. Maximum diastolic rate of abdominal aorta in each rabbit (%) was calculated as follows:
Permeability assay. The permeability assay using the surface biotinylation technique was performed as described by Wang et al (19) with modifications specifically for the aortic intima. The abdominal aorta canals were filled with a Sulfo-NHS-LC-Biotin solution (Pierce; Thermo Fisher Scientific, Inc.) in HBS at 1 mg/ml for 30 min at room temperature. Aortas were then rinsed with PBS, embedded in OCT, and cryosectioned. Subsequently, the 6-µm frozen sections were incubated in 5% skimmed milk powder at 4˚C overnight. Following washing 3 times with PBS, the sections were incubated at 4˚C overnight with Rhodamine 600 Avidin D (XRITC-avidin; 1:200; cat. no. A-2005; Shanghai Haoran Biological Technology Co., Ltd., Shanghai, China). The samples were then examined by fluorescence microscopy (magnification, x400). Images were captured, and the JD-801 Pathological Image Analysis system 4.0 (Jiangsu JEDA Science-Technology Development Co., Ltd., Jiangsu, China) was used to measure the integral optical density values.
Histological examination. Abdominal aorta specimens were dehydrated and embedded in paraffin, sectioned (4 µm) and stained with hematoxylin and eosin as previously reported (20) . Extracellular matrix deposition was assessed using Masson trichrome staining, via the sequential addition of Bouin (at 25˚C for 24 h), Weigert (at 25˚C for 5 min), and Biebrich (at 25˚C for 5 min) solutions (OriGene Technologies, Inc., Rockville, MD, USA) to sections, in accordance with the manufacturer's protocol provided by the supplier of Bouin, Weigert and Biebrich solutions.
Lipid and fat content was evaluated by oil red O staining. Frozen sections were fixed with 10% formalin for 30 min at room temperature. Following rinsing with 60% isopropyl alcohol for 5 min, filtered oil red O working solution was used to stain the aorta sections (4 µm) for 5 min at room temperature. Sections were rinsed again with distilled water to reduce the background, and imaged using light microscopy (magnification, x100). Images were captured, and the JD-801 Pathological Image Analysis system was used to measure the integral optical density values. Image-Pro Plus software 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) was used to measure the area ratio. The area ratio (%) was calculated as follows: Plaque area/total arterial area x100%.
Immunohistochemistry analysis. The abdominal aorta tissues sections were deparaffinized, rehydrated, then fixed with a methanol -0.3% H 2 O 2 solution at room temperature for 20 min. Following high compression heating at 60˚C, the abdominal aorta was immersed in xylene (I) for 5 min, xylene (II) for 5 min, 100% ethanol for 5 min, 95% ethanol for 2 min, 90% ethanol for 2 min, 85% ethanol for 2 min, 80% ethanol for 2 min, soaked in 75% ethanol for 2 min and washed using distilled water. Antigens were unmasked by cooling for 30 min at room temperature. Sections (4 µm) were then blocked using PBS containing 0.05% Tween-20 and 1% BSA (Sigma-Aldrich; Merck KGaA) at room temperature for 30 min. Primary antibodies against MLCK (1:1,000; M7905; Sigma-Aldrich; Merck KGaA) were incubated with the tissue sections at 4˚C overnight; subsequently, sequential incubation was performed with biotinylated secondary antibodies (1:1,000; cat. no. 211-032-171; AmyJet Scientific Inc., Wuhan, China) and horseradish streptavidin (Cusabio Technology LLC, Houston, TX, USA) for 30 min at 37˚C. Finally, the samples were incubated with diaminobenzidine together at room temperature for 2 min, and hematoxylin was used to counterstain the nuclei. Positive stained cells appeared brown in color. Images were captured using light microscopy (magnification, x400), and the JD-801 Pathological Image Analysis system was used to measure the integral optical density values.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was extracted from the aorta using the Trizol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). mRNA was then reverse transcribed into cDNA using the RT-qPCR reverse transcription kit (Takara Biotechnology Co., Ltd., Dalian, China) in accordance with the manufacturer's protocol. RNA expression was determined using RT-qPCR with the following primers: MLCK forward, 5'-TCT TGG GAG AGG ATG ACG AA-3' and reverse, 5'-GTG TGG CAG AGG GTG AGA AG-3'; GADPH forward, 5'-TCA CCA CCT TCT TGA TGT CG-3' and reverse, 5'-TGA ACG GGA AAC TCA CTG G-3'. The thermocycling conditions were as follows: Initial denaturation at 95˚C for 15 min; 40 cycles of denaturation at 95˚C for 10 sec, annealing at 60˚C for 30 sec and extention at 72˚C for 30 sec. The reaction mixture contained the following materials: 2X Power SYBR Green Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.), cDNA template, 10 pmol/µl of each primer and sterile water. Using GraphPad Prism software version 5.01 (GraphPad Software, Inc., La Jolla, CA, USA), relative gene expression was quantified according to the comparative Cq method (21) . With respect to the expression levels of GAPDH, all results were normalized. A reverse transcription kit was purchased from, and primers of MLCK and GAPDH were obtained from Shanghai Shenggong Biology Engineering Technology Service, Ltd. (Shanghai, China).
Western blotting. The levels of MLCK, phosphorylated (p)-c-Jun N-terminal kinase (JNK), p-extracellular signal regulated kinase (ERK) and p-p38 were measured by western blotting. The following antibodies ERK (cat. no. sc-135900), p-38 (cat. no. sc-7149), JNK (cat. no. sc-7345), MLCK (cat. no. sc-365352), p-JNK (cat. no. sc-6254), p-ERK (cat. no. sc-7976), β-actin (cat. no. sc-47778) and p-p38 (cat. no. sc-7975-R) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). All were used at a dilution of 1:1,000. The experimental procedures were described in a previous study (22) . Levels of β-actin were used to normalize the relative protein expression levels. Experiments were repeated three times independently. Western blotting images were analyzed using the quantity one image processing system 4.62 (Bio-Rad Laboratories, Hercules, CA, USA).
Statistical analysis. All statistical analyses were carried out using SPSS software, version 16.0 (SPSS, Inc., Chicago, IL, USA). All data are expressed as the mean ± standard deviations. Comparisons between groups were carried out using one-way analysis of variance followed by Student-Newman-Keuls method. P<0.05 was considered to indicate a statistically significant difference.
Results
Blood lipid analysis. Following 12 weeks of treatment, the TCH and TG in the high fat model group were significantly higher than those in the normal control group. Compared with the high-fat model group, Glabridin significantly reduced the serum TCH level, and the level of TG was markedly reduced (Table I) .
Morphological characteristics. Following 12 weeks of high-fat diet intervention, the rabbit abdominal aorta was observed by oil red O staining. As presented in Fig. 1A , atherosclerotic plaques were observed in the rabbit aorta of the high fat model group and Glabridin group in comparison with the normal control group. Plaques of the rabbit aorta in the high fat model group were more obvious than in the normal control group and Glabridin treatment group. Compared with the high-fat model group, the plaques of the high-fat group were decreased following treatment with Glabridin. The results of the integrated optical density and plaque area ratio also illustrate these findings (Fig. 1B and C) .
Endothelial function. The effects of Glabridin on vascular endothelial function were evaluated. Following pressurization for 5 min, aortic vasodilatation function in the high-fat model group was poorer than the normal control group. The results were as follows: Normal group. The fundamental maximum diameters of the abdominal aortas were 2.65, 2.25, 2.42 and 2.25 mm; the maximum diameter of the abdominal aortas following pressuring left hind limbs for 5 min were 2.90, 2.43, 2.71 and 2.51 mm, which were increased by 9.43, 8.00, 11.98 and 11.56%, respectively, compared with the fundamental maximum diameter. Model group. The fundamental maximum diameters of the abdominal aortas were 2.07, 2.06, 2.59 and 1.81 mm; the maximum diameter of the abdominal aortas following pressuring left hind limbs for 5 min were 2.11, 2.10, 2.63 and 1.91 mm, which were increased by 1.93, 1.94, 1.54 and 5.52%, respectively, compared with the fundamental maximum diameter. Glabridin group. The fundamental maximum diameters of the abdominal aortas were 1.77, 1.96, 1.92 and 1.96 mm; the maximum diameter of the abdominal aortas following pressuring left hind limbs for 5 min were 1.86, 2.10, 2.06 and 2.06 mm, which were increased by 9.00, 7.14, 7.29 and 5.10%, respectively, compared with the fundamental maximum diameter. Compared with the high fat model group, the aortic vasodilatation rate was significantly increased in the Glabridin group (Fig. 2) .
Endometrial permeability. In the normal control group, the structure of aortic intima was intact, and the endothelial cells were closely connected and arranged neatly. Compared with the normal control group, a large number of foam cells were observed in the aorta intima in the high-fat model group, and the aortic intima markedly thickened. However, in the Glabridin treatment group, both foam cells and aortic intima were markedly ameliorated. As presented in Fig. 3 , fluorescence microscopy indicated that in the normal control group there was no fluorescent dye penetration, and in the high fat model group rabbit aortic permeability increased markedly, with fluorescent dye penetration throughout almost all layers of the wall. Following administration of Glabridin, a degree of permeability remained. However, the degree of penetration of fluorescent dyes was decreased in comparison with the high fat model group (Fig. 3) .
Measurement of relative MLCK expression levels. As observed by immunohistochemical methods (Fig. 4A) , following 12 weeks of diet intervention, high MLCK expression levels were observed in the arterial wall in the high fat model group, in the aortic intima-medias and smooth muscle layers, with a marked increase in comparison with the normal control group. In the Glabridin treatment group, this expression was markedly reduced, compared with the high fat diet group. The transcription level of MLCK was analyzed by RT-qPCR through. As presented in Fig. 4B , Glabridin significantly downregulated the transcription level of MLCK mRNA in comparison with the high fat diet groups, which was in accordance with the results of western blotting. Western blotting (Fig. 4C ) demonstrated that following 12 weeks of high-fat diet intervention, compared with the normal control group, the expression level of MLCK protein increased, which was then downregulated by Glabridin.
Measurement of reactive signal pathway activity level.
Western blotting revealed that the levels of phosphorylation of JNK, ERK and p38 were significantly enhanced in the high fat group, compared with the normal control group. However, the phosphorylation level of JNK, ERK, p38 in MAPK signaling pathway was significantly downregulated by Glabridin, in comparison with the high fat diet group (Fig. 5) .
Discussion
Up to now, the study of atherosclerosis is not comprehensive. The changes in the different stages of atherosclerosis can be regarded as different stages of chronic inflammation. Various cellular responses are similar to the inflammatory response, which serves as the body's response to injury (23, 24) . The dysfunction of endothelial structure is the initial stage of atherosclerosis, followed by a series of inflammatory reactions, a large number of inflammatory factors released and promoting the further development of atherosclerosis (25) . Endothelial cells serve an important role in regulating cardiovascular functions and systemic homeostasis and in regulating pathophysiological processes such as inflammation and immunity (26) . Clinically, there is no effective drug for prevention and treatment.
New Zealand rabbits were used to establish an atherosclerosis model as the rabbit diet is sensitive to high cholesterol, and they typically have low levels of cholesterol in their blood plasma (27) , which significantly increases following the administration of a high-cholesterol diet. Food-induced lesions are located in the aorta, and inflammatory cell infiltration, increased permeability of intima and a large number of macrophages differentiating into foam cells, are similar to those observed in humans (28) .
The rabbit models of atherosclerosis were established through diet intervention for 12 weeks. The TCH and TG in the high fat model group were significantly higher than those in the normal control group, compared with the high-fat model group. Glabridin significantly reduced the serum TCH level and markedly reduced the level of TG.
Following diet intervention for 12 weeks, the expression of MLCK in the high fat group was significantly higher than the normal control group. Following Glabridin treatment, this was ameliorated, suggesting that Glabridin served a role in downregulating the expression of MLCK; as observed by immunohistochemistry and western blotting. The decrease of MLCK expression contributed to inhibiting the phosphorylation level of MLC, ultimately downregulating the vascular permeability. Increased vascular permeability is also an important factor in promoting atherosclerosis (29) . In the present study, the permeability of arterial intima was detected by macromolecular fluorescent dye penetration. It was demonstrated that there was almost no osmotic dye in the aorta of rabbits in the normal group. Vascular permeability was increased in the high-fat group, and the dye almost immersed into the whole layer. However, this phenomenon was markedly ameliorated by Glabridin, which indicated that Glabridin could ameliorate vascular permeability. Normal endothelial cells express a certain amount of MLCK, and the level of MLCK expression was increased following 12 weeks of high-fat diet intervention. The expression of MLCK promoted the phosphorylation of MLC, inducing vascular endothelial cell cytoskeleton rearrangement, resulting in vascular endothelial cells in concentric contraction, TJs between the endothelial cells were damaged, cell gaps increased, and finally, the permeability of endothelial cells increased. Increased endothelial cell permeability promotes lipid, monocytes and other depositions in the subcutaneous tissue, and contributes to the formation of foam cells and atherosclerotic plaque, leading to decreased vascular elasticity and diastolic function. The results of the abdominal aorta diastolic function measured by percutaneous ultrasonography were also consistent with the above results. Considerable evidence has suggested that MAPK is associated with atherosclerosis (30) (31) (32) . MAPK belongs is a serine/threonine protein kinase, and there are 4 MAPK pathways known at present, namely, ERK1,2; JNK/stress-activated protein kinase; p38 MAPK; and big mitogen activated protein kinase, in which ERK/MAPK is an important pathway. The four pathways activate the cascade reaction, that is, the kinase of MAPK kinase to the MAPK kinase to MAPK (30) . The MAPK signaling pathway includes the activation of p38/MAPK, ERK/MAPK and JNK/MAPK, and is associated with the induction of inflammatory factors (33) . The present study suggested that the phosphorylation levels of p38, ERK and JNK were increased in the high fat group, but decreased by Glabridin. This suggests that Glabridin may inhibit formation of foam cells via downregulating the phosphorylation of p38, ERK and JNK. This indicated that protein kinase inhibitors could be used as potential therapeutic agents for the prevention and treatment of vascular barrier dysfunction and endothelial permeability. MAP kinase (ERK1 and ERK2) affects movement mechanism of cells through phosphorylation, and enhances MLCK activity, leading to MLC phosphorylation, cell junction disruption and cell gap formation (34) . Inhibition of MAPK activity results in decreased MLCK function, decreased MLC phosphorylation and decreased cell migration in the extracellular matrix. However, increased activity of MAPK kinase leads to activation of MAPK, resulting in phosphorylation of MLCK and MLC, and enhanced cell migration (35) . MAPK is able to phosphorylate MLCK directly, increasing its ability to phosphorylate MLC, which promotes cytoskeleton contraction necessary for cell movement (35, 36) . MLCK, encoded by the MLCK 1-3 gene located on the human chromosome 3,20,16 (12) , contains multiple phosphorylation sites of MAP kinase. Previous studies have demonstrated that MLCK, a key regulator of cell movement and contraction, is a MAPK substrate (34, 37) . Notably, ERK1 and ERK2 can directly phosphorylate MLCK in vitro, leading to enhanced phosphorylation of MLC (34) . This phosphorylation was associated with increased sensitivity to Ca 2+ /CaM. In addition to the MAPK signaling pathway, MLC serves an important role in myosin function through Ca 2+ /phospholipid dependent protein kinase II, protein kinase C and cAMP dependent protein kinase (38, 39) .
In conclusion, the present study demonstrated that Glabridin has effects on the regulation of lipid metabolism disorder, endothelial dysfunction and increased permeability. By downregulating the phosphorylation levels of p38, ERK and JNK, Glabridin inhibits the expression of MLCK and the activity of MLC, MLCK and the formation of foam cells. Therefore, Glabridin may be a potential treatment for atherosclerosis and serve a specific role in the prevention and treatment of increased vascular permeability.
